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. However, studies in 98 this system are limited by the relatively short larval period of 3-4 days before pupariation, when 99 NMJ accessibility is lost. This short temporal window limits the use of the third instar larval NMJ 100 as a model for interrogating dynamic processes over chronic time scales. However, recent 101 studies on the signaling cascades in Drosophila that control the transition from third instar to the 102 pupal stage have revealed attractive targets for extending the duration of the third instar 103 (Gibbens et al., 2011; Rewitz et al., 2009; Walkiewicz and Stern, 2009) . 104
Developmental progression in Drosophila larvae is coordinated through two semi-105 redundant signaling pathways via Torso and insulin-like receptors that ultimately lead to 106 ecdysone synthesis and release from the prothoracic gland (PG) to drive the transition from the 107 larval stage to pupation (Rewitz et al., 2009; Walkiewicz and Stern, 2009; Yamanaka et al., 108 2013) . A previous study reduced signaling through one arm of this pathway to extend the third 109 instar stage from 5 to 9 days, where the important observation that NMJs continue to grow and 110 function throughout this period was made (Miller et al., 2012) . More recent work has 111 demonstrated that loss of key transcription factors in the PG, including Smox (dSMAD2), can 112 disrupt both signaling pathways to fully arrest larval development and prevent the transition to 113 pupal stages (Gibbens et al., 2011; Ohhara et al., 2017) Remarkably, these arrested third 114 instars (ATI) remain in the larval stage until death. The development of ATI larvae now provides 115 an opportunity to characterize synaptic growth, function, and plasticity in a system of terminally 116 persistent expansion beyond normal physiological ranges and has the potential to reveal new 117 insights into processes such as neurodegeneration. 118
Here, we have developed an optimized approach to arrest Drosophila larvae at third 119 instar stages to characterize NMJ growth, function, and plasticity. We find that ATI larvae 120 Synaptic strength is maintained throughout the lifespan of an arrested third instar larva. 132
To arrest larval development at the third instar stage, we targeted genes that could either 133 disrupt both Torso and insulin signaling pathways or broadly inhibit the synthesis of ecdysone 134 synthesis in the PG, processes ultimately necessary for the transition to pupal stages ( Figure  135 1A; (Gibbens et al., 2011; Ohhara et al., 2017) ). We reasoned that if we could prevent the 136 release of ecdysone from the PG by knocking down a key transcript(s), pupation would be 137 delayed indefinitely (Yamanaka et al., 2013) . We screened several lines described by other 138 investigators and found that a particular RNAi line targeting smox (dSMAD2), a transcription 139 factor required for expression of both torso and insulin receptor genes, was the most effective, 140 reliably preventing pupation in nearly all animals ( Figure 1A-B ). These developmentally arrested 141 third instars (ATI) persist as larvae and live up to 35 days after egg lay (AEL). Typical wild type 142 larvae spend ~3 days in the third instar stage before pupation and metamorphosis, living 143 beyond 60 days AEL as adults (Linford et al., 2013) . For the first 5 days of development, ATI 144 larvae appear largely unchanged compared to wild type, but they fail to progress to become 145 "wandering" third instars. Rather, they continue to feed and gain body mass, peaking around 17 146 days AEL (ATI.17) and then gradually loosing body mass until dying soon after 33 days AEL 147 (ATI.33) ( Figure 1B ). For further experiments, we compared wild type larvae at 5 days AEL 148 (WT.5) to ATI larvae at varying time points, including 5 days AEL (ATI.5), a time point similar to 149 wild type; 17 days AEL (ATI.17), a time corresponding to peak body mass; and 33 days AEL 150 (ATI.33), a time near the terminal stage of the ATI lifespan. 151
To investigate NMJs across the ATI lifespan, we first characterized muscle size and 152 passive electrical properties of the muscle. We observed a progressive gain in muscle size 153 across the ATI lifespan, where muscle surface area increased by over 50%, peaking at ATI.17 154 and then decreasing to ATI.33 ( Figure 1C -D). Consistent with this substantial increase in 155 muscle size, electrophysiological recordings of NMJs across the ATI lifespan revealed a 156 massive decrease in input resistance peaking around ATI.17 ( Figure 1D ). Remarkably, despite 157 these changes in muscle size, synaptic strength (EPSP amplitude) remains constant across ATI 158 NMJs ( Figure 1E -F). Thus, as larvae grow and decline through an arrested third instar lifespan, 159 synaptic strength at the NMJ remains constant. 160 161 Presynaptic compartments at the NMJ progressively expand in ATI larvae. 162
Clearly, ATI NMJs maintain synaptic strength despite the substantial increase in muscle size 163 that progresses through arrested larval development. In principle, modulations to the number of 164 presynaptic release sites (N), the probability of release at each individual release site (Pr), 165 and/or the postsynaptic response to glutamate release from single synaptic vesicles (quantal 166 size, (Q)) could stabilize synaptic strength at these NMJs (Dittman and Ryan, 2019). We first 167 assessed synaptic growth to determine whether the number of presynaptic release sites 168 increases in proportion to the muscle surface area. During the conventional 3-4 day period of 169 larval development, there is a 100-fold expansion in the NMJ, with changes to the passive 170 electrical properties of the muscle and a concomitant growth of pre-and post-synaptic 171 compartments (Atwood et al., 1993; Menon et al., 2013; Schuster et al., 1996) . These changes 172 are thought to scale NMJ function in parallel with growth and maintain sufficient depolarization 173 for muscle contraction (Davis and Goodman, 1998). However, the progressive increase in 174 muscle size at ATI NMJs poses a further challenge, where synapses may need to expand to 175 compensate for overgrowth. We therefore considered whether adaptive changes in the growth 176 of motor terminals and/or number of synapses served to stabilize synaptic strength (EPSP 177 amplitude). Using immunostaining, we instead found a progressive enhancement in the 178 neuronal membrane surface area and in the number of boutons per NMJ throughout the ATI 179 lifespan (Figure 2A -D). In fact, the bouton to muscle area ratio even overshoots the scaling that 180
is normally observed at conventional development between first and third instar larval stages 181 (WT.5: 40 boutons/40,000 µm 2 ratio (Schuster et al., 1996) ; ATI.17: 100 boutons/75,000 µm 2 182 ratio (Table 1-1) ). Hence, motor neuron terminals grow in excess to muscle growth. 183
Since NMJ boutons expand across ATI stages, we considered the possibility of a 184 compensatory reduction in the number of release sites. There is precedence for a reduction in 185 the density of active zones (AZs), independent of NMJ growth, to maintain synaptic strength 186 (Graf et al., 2009 ). To identify individual presynaptic release sites, we immunostained NMJs with 187 an antibody against Bruchpilot (BRP), a central scaffolding protein that constitutes the "T-bar" 188 structure at AZs in Drosophila (Kittel et al., 2006; Wagh et al., 2006) . Since ~96% of release number at ATI NMJs increases to over three-fold that of wild-type NMJs, no compensatory 198 reduction in size and/ or intensity of BRP puncta was observed ( Figure 2A lower panel, Table 1 -199 1). Indeed, BRP puncta intensity was significantly increased compared to WT.5 levels (Table 1- Given the substantial increase in AZ number and intensity but stable synaptic strength, we next 207 considered the possibility that a reduction in the postsynaptic receptivity to neurotransmitter (Q) 208 may have served to offset the observed presynaptic overgrowth at ATI NMJs. One possibility is 209 that a reduction in the abundance, composition, and/or function of postsynaptic glutamate 210 receptors (GluRs) may have occurred at ATI NMJs. At the fly NMJ, two receptor subtypes 211 containing either GluRIIA-or GluRIIB-subunits form complexes with the essential GluRIIC, 212
GluRIID, and GluRIIE subunits to mediate the postsynaptic currents driving neurotransmission 213 that specifically recognize the GluRIIA-or GluRIIB-subunits, as well as the common GluRIID 217 subunit. Consistent with presynaptic overgrowth, total GluR puncta numbers per NMJ mirrored 218 the increase in presynaptic AZ number ( Figure 3B ). Similarly, we observed a significant 219 increase in the abundance of all GluR subunits assessed at ATI NMJs revealed by enhanced 220 fluorescence intensity ( Figure 3C ). Together, this demonstrates that postsynaptic receptor fields 221 progressively expand in number and abundance, mirroring the accumulation in presynaptic 222 structures across the ATI lifespan. 223
We next considered whether an apparent reduction in GluR functionality compensated 224 for the expansion of glutamate receptor fields at ATI NMJs. We determined GluR functionality 225 by electrophysiologically recording miniature events at ATI NMJs. Consistent with the increased 226 fluorescence intensity of all subunits, we observed an ~50% increase in mEPSP amplitude 227 compared to wild-type levels in ATI.17 larvae, an enhancement that persisted through ATI.33 228 ( Figure 3D -E). Consistent with increased presynaptic growth, we also observed an increase in 229 mEPSP frequency ( Figure 3F ). Increased expression of GluRIIA-containing receptors at the fly 230 NMJ enhances mEPSP amplitude, as expected, but does not alter presynaptic neurotransmitter 231 release (Li et al., 2018c; Petersen et al., 1997) . Thus, the increase in both AZ number (N) and 232 quantal size (Q) at ATI NMJs should have together elicited a larger evoked response. However, 233 EPSP amplitude is unchanged throughout the ATI lifespan, implying that a reduction in release 234 probability (Pr) of sufficient magnitude must be induced to fully counteract the increase in N and 235 Q to maintain stable synaptic strength at ATI NMJs. However, EPSP amplitudes remain stable across the ATI lifespan, implying presynaptic release 242 probability (Pr) must be substantially and precisely diminished to compensate. To further test 243 this idea, we calculated quantal content (the number of synaptic vesicles released per stimulus) 244 and found a substantial reduction at ATI NMJs ( Figure 4A ). Next, we assessed presynaptic . While it is not clear that the mechanism of 257 depression is shared between later ATI time points and PHD, we can posit that a homeostatic 258 reduction in presynaptic release probability compensates for increased quantal size to maintain 259 synaptic strength across the ATI life span. 260
It has previously been shown that NMJs expressing PHD can also express other forms 261 of homeostatic plasticity, including a process referred to as presynaptic homeostatic potentiation 262 
mutants. 273
In our final set of experiments, we considered whether ATI larvae could be utilized as models for 274 aging and/or neurodegeneration. We hypothesized that NMJs in ATI larvae were unlikely to 275 exhibit classical hallmarks of aging synapses. Although muscle integrity appears to degrade in 276 ATI.33 compared to earlier time points ( Figure 1 with no apparent increases in footprints compared with earlier time points ( Figure 5A-B) . 288
Together, these results indicate that NMJ structure, function, and integrity remain surprisingly 289 robust across all stages of ATI larvae, even at terminal periods, and are therefore unlikely to 290 serve as a compelling model for age-related synaptic decline. thought to function as a surveillance factor for axon damage and degenerative signaling (Shin et 299 al., 2014) . In Drosophila, loss of stathmin leads to a marked increase in NMJ footprints, where 300 more posterior segments show increased severity relative to more anterior segments (Graf et 301 al., 2011) . Surprisingly, stathmin mutants are still able to pupate and develop into adults. 302
However, stathmin mutants extended in larval stages by the ATI manipulation die shortly after 303 21 days AEL. We therefore sought to use the ATI system to determine the impact of a 304 prolonged phase of axonal instability in stathmin mutants. Indeed, NMJs exhibit increased 305 footprints in stai.13 (stathmin mutants extended to ATI.13 time points) when compared to stai.5 306 controls in both frequency ( Figure 5C -D) and severity ( Figure 5E ), with the most severe 307 retractions observed in posterior abdominal segments (A3-A5). Finally, we tested whether NMJ 308 growth increased in ATI-extended stathmin NMJs, as it does in wild type. While control ATI 309 synapses grow in bouton and BRP puncta number between 5 and 13 days AEL, stathmin NMJs 310 fail to consistently expand ( Figure 5F-H) . These experiments highlight the potential of the ATI 311 system to be a useful tool for defining the progression of neurodegeneration at the Drosophila 312 NMJ, which is otherwise limited to short larval stages. 313
314

DISCUSSION 315
By arresting further maturation at third instar Drosophila larvae, we have been able to 316 accomplish a detailed study of NMJ structure, function, and plasticity over much longer 317 timescales than previously possible. This ATI larval system has revealed how the NMJ 318 maintains stable transmission over a vastly extended developmental timescale, where 319 persistent overgrowth in both pre-and post-synaptic compartments is offset through a potent 320 and homeostatic reduction in neurotransmitter release. Hence, this study not only provides 321 evidence for a potentially novel homeostatic signaling system that balances release probability 322 with synaptic overgrowth but now extends the temporal window to enable the characterization of 323 a variety of processes, including neurodegeneration, at a powerful model synapse. growth, presumably to maintain stable NMJ strength. In effect, sufficient levels of muscle 333 excitation is sustained through a coordinated increase in all three parameters controlling 334 synaptic physiology: N (number of release sites), P (release probability at each site), and Q 335 (quantal size) (Neher, 2015) Hence, during typical stages of larval development, increasing 336 muscle growth requires a concomitant elaboration in NMJs, implying robust signaling systems 337 exist to ensure synaptic size, structure, and function expand in a coordinated manner. This tight 338 structural coupling between muscle fiber and NMJ growth is also observed in mammals and is 339 thought to be a primary mechanism for maintaining NMJ strength during post-developmental 340 muscle growth or wasting (Balice-Gordon et al., 1990; Lichtman, 1999, 2001) . vesicle size at ATI NMJs, as the enhanced postsynaptic glutamate receptor levels observed are 367 sufficient to explain the increased quantal size (Fig. 3) . Hence, if the homeostatic depression 368 observed at ATI NMJs is ultimately the same plasticity mechanism as PHD, then this would be 369 the first condition that does not require enlarged synaptic vesicle size. In this case, perhaps 370 excess global glutamate release from increased release sites at ATI NMJs induces the same 371 homeostatic plasticity that increased glutamate released from individual synaptic vesicles does. 372
This would be consistent with a "glutamate homeostat", responding to excess presynaptic 373 insights into synaptic growth, structure, function, plasticity, injury, and neurodegeneration over 411 long times using the glutamatergic NMJ as a model. 412
413
MATERIALS AND METHODS 414
Fly Stocks: Drosophila stocks were raised at 25°C on standard molasses food. The w 1118 strain 415 is used as the wild type control unless otherwise noted, as this is the genetic background of the 416 genetic mutants used in this study. ATI larvae were generated by crossing phm-GAL4 (Miller et 417 al., 2012) to UAS-smox-RNAi (BDSC #41670). Stathmin mutations were introduced into the ATI 418 background (stai allele: BDSC #16165). All experiments were performed on male or female 419 third-instar larvae or arrested third instar larvae at various time points. A complete list of all 420 stocks and reagents used in this study, see Table 2- Table  435 2-1. 436 437
Confocal imaging and analysis: Samples were imaged using a Nikon A1R Resonant 438
Scanning Confocal microscope equipped with NIS Elements software and a 100x APO 1.4NA 439 oil immersion objective using separate channels with four laser lines (405, 488, 561, and 637 440 nm). For fluorescence quantifications of BRP intensity levels, z-stacks were obtained using 441 identical settings for all genotypes with z-axis spacing 0.5 µm within an experiment and 442 optimized for detection without saturation of the signal as described . 443
Boutons were counted using vGlut-and HRP-stained Ib NMJ terminals on muscle 4 of segment 444 A2-A4, considering each vGlut punctum to be a bouton. The general analysis toolkit in the NIS 445
Elements software was used for image analysis as described (Kikuma et al., 2017) . Neuronal 446 surface area was calculated by creating a mask around the HRP channel that labels the 447 neuronal membrane. BRP puncta number, area, and total BRP intensity per NMJ were 448 quantified by applying by using a bright-spot detection method and filters to binary layers on the 449 BRP labeled 488 channel in a manner similar to that previously described (Goel et al., 2019b). 450
GluRIIA, GluRIIB, and GluRIID puncta intensities were quantified by measuring the total sum 451 intensity of each individual GluR punctum and these values were then averaged per NMJ to get 452 one sample measurement (n). For NMJ retraction analysis, footprints were scored by eye as 453 
Statistical Analysis: 2-tailed Student's T-test
